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A T -Aceiv)*led o-linked acidic dipeptidase (NAALA 
djpeptidaie) is a membrane- bound metallopepwdase 
that cleaves p luuu3i»te from the endogenous neuropep- 
tide \^acetvUL-a*partyl-L-gluLBin8te. In this report, 
we have Mobilized NAALA dipeplidaie activity from 
evuaptoMmaJ membranea ~ith Triton X-JOO and pu- 
rified it to apparent homogeneity by aequentiaJ column 
chromatography on DEA£- Sepb arose, CM-Sepbarosc, 
and lentil le-ctin-Sepbaroae. This procedure resulted in 
a 720-fold purification with 3.6% yield. The purified 
enzyme mirrated as a tingle silver-stained bend on a 
sodium dodecvl sulfate f el vitb en apparent molecular 
weight of 94 kD». Using an enzymatic Main to visualize 
NAALA dipeptidaa* activity within a gel matria. we 
have confirmed that the 94-kDa band is, indeed, 
NAALA dipeptidase. The purified enzyme char- 
acterized and found to be pharmacologically similar to 
NAALA dipeptidase activity described previously in 
eynaptosomaJ membrane extracts. Using the purified 
NAALA dipeptidaa* a* antigen, we have raised specific 
and higb titer polyclonal antibodies in guinea pig. Ira- 
ni unocvtoc hemic aJ studies show intense NAALA dipep- 
tidaae "immunoreactivity in the cerebellar and renal 
cortices. 



Electrophysiologic, lesion, and jrnmunocytochemictl stud- 
ies suggest "that the endogenous neuropeptide, TV-scetyl-L- 
aspartyl-L-glutamete (NAAG), 1 mey act as a neurotransmit- 
ter/neuromodulator in the central nervous system (Blakely 
and Covle, 3 969), Recently b quisquelate (Quis)-stnsitive 
peptidase activity was identified in brain membranes which 
cleaves NAAG to A 7 -ecetyl-L- aspartate (NAA) and rlutaroate. 
In a manner analcpou* to the synaptic inactivation of acetyl- 
choline (Cooper et ol, 3986), it is hypothesized that this 
peptidase inactivates NAAG, and that the liberated plutamaU 
it subsequently transported into synaptotomes b >' iht P ievi " 
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ously characteriied sodium-dependent hiph-effinity flute- 
mate uptake sit* (Blekely et c/. f 1986; Robinson ef ai % 196'/). 
Alternatively, NAAG may function as a precursor to pluu- 
mate, tbittinp the primer>' role of this peptidase to reflating 
glutamat* availability. 

This peptidase has been cherecterixed in rat synaptosomal 
membranes (Robinson et oL t 1967; Blakely et oi, 1986). In 
this crude membrane preparation, the pefc>tida*e demonstrates 
remarkably hifh apparent affinity for its putative substrate 
NAAG, with eK^ 640 nw. The enryme is membrane-bound, 
stimulated by chloride ions, and inhibited by divalent metal 
chelators, sugpestinp that it is a metBllopeptidaae. It is en- 
riched in synaptic plfistna membranes and is primarily local- 
ized to neural tissue and kidney. Comperiaon of its properties 
to those of other known endopeptidBses, aminopeptida&es, 
dipeptidases, and acyl amino acid-releasing emymes suggefeL* 
thfit it ia a novel peptidaae (Robinson et oi, 1987; Blakely et 
oi, 19S8). Since it is possible that NAAG is not the sole 
subsuete fox this activity in vioc> this peptidase was named 
A T -acetylated o-linked acidic dipeptideae (NAALA dipepti- 
claie) for its structural specificity for N-acetylated o-linked 
acidic dipeptidet. Recently, it has been demonstrated that 
1 3 H]NAAG is depaded by a pharmacolorically similar enryme 
in vivo (Suucb et ol, 1989). Theae data are consistent 
v^ith a role for NAALA cbpeptidase in the disposition of 
endogenous NAAG. 

In this manuscript, we describe for the first time the solu- 
bilization of NAALA cjpeptidaae from rat membranes, its 
purification to apparent homogeneity, the characterization of 
the purified protein, the determination of its molecular 
weight, the production and characterization of anti-NAALA 
dipeptidase antibodies, and the localization of NAALA dipep- 
tida.se immunoreactivity in brain and kidney. 

EXPERIMENTAL PROCEDURES AND RESULTS 3 

Chromatoi rophic purification of NAALA Dipeptidase— Re- 
sults of the purification of rat brain NAALA dipeptidase 
activity are summarized in Table I. The overall purification 
W8E 720-fold with 1.6& recovery', yielding 2 mg of highly 
purified NAALA dipeptidase from 500 whole ret brains. De- 
tails of the solubilization and chromatographic steps are found 
in the miniprint supplement. 

Analysis of Enzyrru Homogeneity — Fig. 2 showE SDS poly- 
acrylatDide pel electrophoresis of pooled flections et various 
slopes in the purification. After the lentil Lectin sup, then 
was one major silver-stained protein band migrating et 9< 



1 Portions of this ptper (including "Experimental Procedures/ pan 
of "Result*.' fend Fig - 1 ) m«. pmeniec in miniprint m the end of ih'u 
pbpej. Miniprint is ee.fi ly tttc with the aid of t suncwd m*rnifyinr 
fiess. Pull t\2f photocopies t>u included in the microfilm edition of 
the Journal thei if evtileble from Wevuly Press. 
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Tablf I 

Summery Of thr punjitx>iwn of NAALA diptpiiaa** 
NAALA dipepiicaM w» purified Irom MX) wholf rcl bitina • » 

ciefcribec undrt *En>«rimcnUl Proce dure*-" 

Tveccrvfr> punficHtcr. 
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DLAf O* LEKTU 

F)C. 2. EDS-polvKCO-lfciDid« »cl clccuophoretic analyti* of 
pooled fx»r lions ftom Ftep; during ibe purification cf NAALA 
dipeptidaa*. U>ru A, pooled DEAE peak I prouin (10 *f of prouin); 
/enr £ pooled CM piouin (5 *f of prolan); ion* C, pooled Ifcul 
lectin protein <0.5 of prouin). Elecirophor*ii3 wa* run on i 12% 
gel M a rorfUnl r^irrnt or 40 mA, Protein* were developed wjtn 
.silver »t»inin( (Wt*j et ol , 1961). 

kDe, end e minor (diffuse) bend mipatuif between 54 end 66 
kDe! Tht liUjMurt eugpests that minor cont* mine ling pro- 
teinic) eie either me rcaptoethanol artifacts (Guevara ft at, 
1982; Teshev* and Dessev, 3983) or skin keretins (Ochs, 

The suuninf intensity of this 94 -kDe bend was corrected 
with the amount of NAALA dipeptidaae activity applied to 
the gel. Gel electrophoresis of fractions surrounding e NAALA 
dipeptidaet peek of activity from DEAE-Sepharose, CM- 
Se^harofcc, find sue exclusion columns <n = 4) demonstrated 
that, in ell cases, the 94-kDe piotein bend was the only band 
observed whose Fteininp density coincided with NAALA di- 
peptidas* activity {date not shown). 

Although these deu provide ccmp^llinf evidence that ibe 
94-kDa b*nd is NAALA dipeptida&t, it is nill "possible that 
NAALA cipeptidase it not represented by any band on the 
gel. Therefore, t specific enzymatic activity stain was devised 
to visualise NAALA dipeplidase activity within a polyecryl- 
aroidc ftl (Sufiure et oi, 1911 \ s*e -Experimental Proce- 
dures'). Since s protein sepajsted by en SDS pel ic.f. Ges- 
tured ens vmr) \t hifhly unlikely to exhibit eniymeric activity, 
penialiv purified NAALA dipepticase wet electr ophoiencally 
separated on s nondeneiuiinf pel and then euoned for activ- 
ity. Cnlv one bene was identified havinr NAALA dipepuoese 
Eciivity'lFif. cA). Since it is not possible to accurately deur- 
mine molecuier wt-irht on e nondeneturinf pel, this active 
bend wes excised, homon nised, and subjected to SDS-poly- 
acrvlemide P *l eiectiophoresis (Fif. 3£, left lent). Although 



FiC. 3. Yirueliietion of NAALA dipeptlda*c activity in an 
■kcr>'l»midc ft 1. A. noDOrneturrd ft I of • »« mi 'purified prrperption 
suined fox NAALA dipfptidnA* •ctivity »5 dc*CTibed ondei •E?peri- 
rceTital Method*. " The rcfuliing »cliv« b»oc w« tiwn e>ci»ed. bo- 
roofeniued, boiled in £D£/td« rc*ptoeth*Dol foi 30 min, »nd »pplied 
tc en EDS gel. JB, tbt left Un« is • iilvti-tuiDed SDS pel of thi 
«>ciwd NA^LA djp+ptidi^ sciivity band from A. The rifht lent i; 
t n')ve i-suined SDS r»l of tht »t«ininf componenu u»*d to visu*luf 
NAALA dipeptidiw »ctiv,ty (t.#. fluunwl* drbyuxx>f¥na*e, iodoni- 
Uotetrtiolium violet, ph*n*iin« iDeUjoaulUU). NoU that the 
NAALA dipeptica** activity bend rocuint ooly one band, mipetinf 
et &4 kDa. which ctnnot be attributed to the NAALA dipepiida** 
activity stsininf componenu. 

Table n 

Pcunry of compouruL* for inhlbition/atirnidaiion of purified SAALa 
dipeptida** cctiuity 
NAALA djpeptidA** aruvjty waa meaiured ai described under 
"Experimental Procedure**" with ot without inhibitors. When EGTA 
was tested, no ooffnom cobalt w*j sdded to the aaaay. Peptide 
inhibitor* were UM*d rt thtii previoosly rrportrd JC»c Conctntr»lion> 
in lv*ed fyneptoaomel mrmbrane* (Robinaon rt ©/-, 1967). Data mrt 
t>prtss*ed ae the percent of activity determined in the ab*enc« of 
^nhibitOT kontrol). Tvesult* are the mean of at kart two experiment* 
performed in duplicate. Eatept where noUd. eyp<HtD«DU were per- 

formed with L-isomers end o- linked peptidea. 
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Ouisqualic ecid 
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■y-Glu-Glu 
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Glu-Glu-Glu 
N* Acetyl- Aip 
Sodium phosphet* 
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five bands were revealed with tbU procedqrt, all bands, e jeept 
foi a 94-VDa protein, were attributed to the staining compo- 
nent* used to visualize NAALA dipeptidaw activity in the 
noDdenaturing pel {e.g. plutamate debydroienase, iodonitro- 
tetraxolium violet, pben&rine metboeulfale; Fig. ZB, rifht 
lane). These data suggest that the 94-kDa band it NAALA 
di peptidase. 

Properties of the Purified NAALA Dipeptida$e—A* was 
observed for activity chajacttriaed in lysed synaptosomal 
membrane (Bobinson d aL t 1987), purified NAALA dipep- 
ticase was potently inhibited by quiequaJet* with 609c inhi- 
bition et 0.4* (Table 13). Peptidase activity was also 
inhibited bv phosphtte and EGTA; cobalt etrongly stirouleuc 
activity. Purified NAALA dipeptidaae showed e high apparent 
affinity jot NAAG hydrolysis with a K w of 140 nW (rr^ean of 
two deUrxninations within 10%). 

Structure-activity rtlaticnthips of purified NAALA dipep- 
ticase were examined ufinf peptide enelops of NAAG and 
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FiT,. A. J n^murvoprecipiul ion ot 
NAAlA dipcpiid&Ae *cljviiy. Deieil* 
prrieininp to the immunoprr<: jpii#(icr 
art detoibec under "Eipe rime nte I 
Methods." Th« jrupht pre«ntfd *>i* on* 
reprrftnuiive set of QfiLe cbuined from 
i hr f* tfpfrttf t >p< hfnfnU. In brief, 
veryin? amountf of pTeimmunt find im- 
mun« Kfrt were erided lo crude brtin 
m»mbienes tnc incubeird overoifht on 
b rotary iheker «t'n "C. The foljowinf 
d*y, GemmeEind G-AtErose was edded. 
incubetec (or 3 h »\ A *C, end renin- 
luged. NAALA dipepiios** activity wb> 
n)t»su/fC m ib* supem*i*nt fD) end 
prJJri (♦). 
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*• kt-+* 

V It-* 

31-* kJt 



Acnvrnr; 



FiC. 5. Survfy of the ti*s uc distri- 
bution of NAALA dip«pt)d*»e iro- 
munorej»ctivi(y , Tiwue e>treci» <2S0 
h| of protein] verr subject In £DS-pol>- 
errylarnide gel eleetTophoreai*, tiam- 
frned to nitrocelluloK, incuhtted vith 
ienmune serum agminst NAALA dipepti- 
ojm, followed by ' color development a* 
cewrribed under "Eipenme nt*l Meth- 
ods." All samples shown wen run in 
parallel. The level of NAAl^A dip*pti- 
dew activity identified in each legion is 
provided. 




fir.. 6. Itninunocytochemic*] JocaJixetiop of NAALA dipep- 
tida-s*. Staining for NAALA eupeptic*** immunote«ctivjty in rai 
ctrflxllet corte? Hop) and rat kidney cones (6orrom). Note the 
positive M*inini* in the molecuJer end granular cell layers of the 
cerrfcxiler cone) end the pro*im*l tubule.* tnd friom«raIi of th< kidney 
corte>. Dei-ail* of the imraunocyxoche mis try Btt described under 
*"E>ptrim«mrl Procedures.' Cerebellar ccrte>: M, molecular layer, P, 
Purkinje cell Icyer; C, rrenuloT lever; J5or » 80 ^m. Kidney cone>: 
PT t proime) iubule*;G, flomeruli; Bet « 300 ?tl. 

corrjptTed wjih whet we$ pie\noosiy rififrmined ujinp £ Jvst-d 
fynfiptos-cmitJ membrane pieperMion (Robinson ?t cL, 1967). 
All peptides t>£mined were u*ec at their pjpviootly reponed 
)C.v LonctrATBiwns. The rejuJu art ivrnmbined in Table )]. 
All c£ts wfrt fimilflr to v.'hfit w&s itportpc inititily, ocfpi 
inhibition by fcf.ptrn'ipiuurnate fAsp-Glu), which was &-folri 
mcif potent £5 fcn inhibitor of the purified enrymc- thtn h^c 
b+th itpoju-c u.^inf Jysed membjBnei ihD% inhibition ex 0.3 

Antibody Chuiroctr.rizaiinn — Purified NAALA diptptidftse 



was ust<3 to raise polyclonal antibodies in fuinee pigs (see 
fc E>perimenUl Piocedure'f Emyme-liniied icnm\jno«>ojbem 
fi&ssy, immunoprtcipiution essey, and -Western blottinp dei- 
orjstrtted thfit the anti-NAALA dipeptidese enti^tre was epe - 
cific hud of hifh litej. The titej, deterroine-d by enryme-linlked 
imDiunosorbent *$h£y (ee* "EaperimenUil Proceduree*}, wa* 
fcpproj jmeuly 1:30,000 fdcU not shown). 

jmmunopTtcipitoiion— The immune serum ptecipUeied 
NAALA dipepLidt&e activity from solubilixed brein roerc- 
branet; pitircEnunt wroro did not precipit*U activity (Fig. 4). 
Immune serum perti&Jly inhibited NAALA dipeptida&e ectiv- 
ity; therefore, at antibody dilutions less than 1:100,000 toul 
activity utinf the immune wrum less than ectivity in the 
preiromune control. 

Western Blottinf— An SDS gel loaded yvHh crude homofe- 
nfites trow ret heen, brain, intestine, liver, kidney, pencreas, 
spleen, end testis wet transferred to nitrocellulose and probed 
with anti-NAALA dipeptidm* immune scrum at described 
under "Eiptrimerjul Procedures *' The immune strum rer- 
oEnised * sinple &<-kDs bsnd in brain, kidney, and u-ttit only, 
consistent with thf ioceliiation of NAALA dipeptidase activ- 
ity (Fig. 5). No suininp was detected usinf preimmune aerum. 

Jmmunocyiochfmistry— Immunocytoche miCBl ejperimenu 
revealed NAALA dipepi idaie-positive staining in the rooiec- 
uler and penuJe eel] levers of the cerebellar cortex; the 
PutV.inje cell layer wej devoid of immunore*ctivity (Fig. 6, 
fop). In the TBt kidney, NAALA dipeptidase-poEitive tttining 
wes detected in the proximal tubuJe* and glomeruli of the 
renfil ccrtes; the distal tubules were essentially devoid of 
immunoreaciiviiy (Fig. 6, 6o(fom). No immunosuining was 
revealed U5ing prt immune ierom, even at 10-folc higher con- 
centiatiom . In e.dcitjcn, preadtorption of the antiserum with 
purified NAALA dipHptioBse (O.Oo mg/ml) completely sbol- 
is-hed immunochemical suining. 

ulSCUSSJON 

Bitin NAALA dipeptidese activity was solubiiizec with 
Triton ^ -1 00 and sequentislly purified with ion-e>c hange tnd 
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It-mil lectin affinity cKronieLop»ph>' (Fir. 1). DEAE-Sepht- 
iom received NAALA dipeptidaa* activity into two peeks; 
howfvti, both peekt were phajmacolopicaliy tnc kJnetieeliy 
nmiier. Since- DEAE peak 1 thf predominant specie* 

i>bb% of cluted activity), it wat tmpicyed lor further purifi- 
cation. NAALA dipeptidaae activity (peek 1) did nol interact 
with DEAE-Sepheiote et pH "/.S and bound to CM-Sepharon 
Bt thif same pH, tugptMinf thet this- protein he? an unusually 
high isoelectric point (pi); moet prouin* have pi value* below 
pH "t.A (RirheU) ted Ceievsppo, Chrometcfocutinr 
chromatography confirmed this finding, revealing 6 pi lor 
NAALA dipeptidase of approimau iy pH 9.0. Follcwinf lentil 
lectin chromatography, the purified preparation showed om 
major tilver-tuined bend on SDS-polyacrylaniide gel electro- 
phoresis mirTfctmg Bt 94 kDa end 6 minor (di/fuse) bend 
mipetinf between bA and 66 kDt. The litereture suppest? 
thet thia minor broad bund if either a mercepu>ethenol ani- 
feet (Guevara ef aL, 1982; Tashevt and Deesev, l«l&3) ox skin 
keratins {Ocht, 1983). In feet, we have «-een this diffuse bend 
in lanes run with eample buffer eloni. 

To demonstrate that the &<-kDt protein represented 
NAALA dipeptidase, activity applied to tn SDS pel w-b? 
correlated with protein staininf intensity of this band. In ell 
pels, the 94-kDe band ww the only band observed vhoae 
suininf density coincided with the amount of applied NAALA 
dipeptidaae activity. Furt hermore, NAALA dipeptidaae activ- 
ity wet viaualiwd directly in a nondeneiurinf pel (Fig- 3i4). 
NAALA dipeptidaae activity demonstrated t low depee of 
miration into the nondeneturing pel, consistent with its high 
isoelectric point. This resulting activity band was excised from 
the nondeneturing gel and run on an SDS gel. Prouin staining 
again revealed a single unique bend et 94 kDfi (Fig. 3B). 
Together, the** data strongly suggeM thet this 94-VDa band 
is NAALA dipeptidase. " j" 

Size eiclusion chromatofiephy of the purified and semi- 
purified protein ebow thet NAALA dipeptidaae migieues con- 
sistent with a molecular meat of 225 kDa, eltbougb larger 
speciet were occasionally observed. Both protein and activity 
gels demonstrate thet peptidase has * denatured molecular 
mass of approximately 94 kDa. Therefore, it is possible the 
NAALA dipeptidaee is a dimer composed of two identical 
subunits; alternatively, the larger species identified with size 
exclusion chromatography may represent protein-deter gent 

compleies. . . 

Properties of the purified protein were similar to activity 
previously characterized in lysed synaptosomal membranes 
(Robinson et oi„ 1967), demonstrating that these properties 
ere due to direct interaction with NAALA dipeptidase end 
are not indirectly mediated by other prouins present m the 
membrane preparation. The potent inhibition of peptidase 
ectivitv bv quisqualate suggests thet some of its actions, which 
were previously ettributed to interaction with e subclass of 
giutameu receptors (Robinson end Coylc, 3 9BS). may be cue 
to inhibition of NAALA dipeptidase. EGTA sensitivity end 
cobalt ftiroulation support initial data suggesting thet 
NAALA ^peptidase was a me ullcpeptidas*. Similar to activ- 
ity in Ivsed synaptosomal membranes, purified NAALA dj- 
peptidese diaplaved structure tperificitv for A T - acetyls! ed o- 
Hnked acidic dipeptides (Tablt Hi- Finally, the purified 
NAALA dipeptio^e displeyed t remerkebly high epptrent 
affinity for its putative eubstieu. NAAG, vith e K~ of 140 
nw. 



The eveilability of purified protein permittee the produc- 
tion of enti-NAALA ciipeptidese entieert. The resulu pre- 
sented in this nudy demonFtrete that the polyclonal antibod- 
ies reised in rJ 111 ^^ P 1 ? eT<i I^niaTVably selective, of high tiUi, 
end capable of recognising both native and de natured NAALA 
dipeptidaee. Western anelyeie of gelt loaded with crude brain 
homopeneus revealed thet the tntisere exclusively recognized - 
the ^4-kDfc bend Bei-ides brain NAA.LA cLpeptidax:, the 
antibodies ciost-reacud with kidney Bnd teMiF NAALA di* 
peptidfise; no immunore activity was observed in regions de- 
void of NAALA cjpepticia5c activity (Fig. b). The entiaera 
inhibited NAALA djpepticiaee activity, elthough not com- 
pletely CiOft inhibition et 1:300 dilution), and was capable of 
precipitating NAALA dipeptidase ectivitfo- irom a erode brain 
e>tract (Fig. A). 

Using thiE selective end specific antiaera, NAALA dipepti- 
case -immunoTeactivity was loceliied to the glomeruli and 
proline! tubuie* of the kidney cone* (Fig. bB). This localiza- 
tion is consistent with micropunch analysis of NAALA dipep- 
ticlase activity; w hich found thet the vast majority of NAALA 
dipeptioese activity wet localized to the renal cortea (kidney 
conei = 166 pmol/mg/min! versus kidney medulla = 10 prool/ 
mg/roin). Intereftingly, other brain peptide***, anpiounsin 
convening enzrv'^^ ^ enkephalinaae (Schulx, 19B£; Teuc, 
1986) heve also been localized in the glomeruli and projimal 
tubules of the kidney, ereas where their putative brain sub - 
pxrfctes are not found In the neural tissue, NAALA dipepti- 
riase iromunoreectivity wae' found in areas reported previously 
to contain NAAG (Blakely and Coyle, 1989). 

NAALA dipeptioese is e novel eniymatic activity involved 
in NAAG hydrolysis. In this study, we have solubilized and 
purified ret brain NAALA dipeptidaae to apparent bomoge- ' 
neity, developed specific anti-NAALA dipeptidaae antiserum, 
and heve begun to map its distribution in rat brain and kidney. 
We anticipate using the antiserum to fully determine. its renal 
end neuronel localization and to screen • cDNA library to 
obtain the NAALA dipeptidaae clone. 
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